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A procedure proposed for use in the design of air-heated systems
the continuous prevention of ice formation on airplane components is
forth. Required heat-transfer and air-mressure.loss effuationsare

presented, andkethods of selecting appropriate meteorological conditions
for flight over specified geographical areas and for the calculation of
water-drop-impingement characteristics are suggested.

b order to facilitate the design, a simple electrical analogue was
devised which solves the complex heat-transfer relationships existing in
the thermal-system analysis. The analogue is described and an illustra..
tion of its application to design is given.

.
INTRODUCTION

The first designs of aircraft ice-prevention systems utilizing heated
air were based on the specification of an arbitrary surface-temperature
rise in clear air for the wing and tail surfaces and of an arbitrary heat-
flow requirement through the windshield outer surface (e.g., refs. 1, 2,
and 3). Subsequently, flight resesrch conducted in natural icing condi.
tions (refs. 4 to 8) provided information enabling a rmre rational approach
to the design problem whereby a system could be designed on a wet-air
basis. Along with the research on heat requirements, sufficient data
also have been obtained on the meteorology of icing and the rate and area
of impingement of water drops on airfoils so that an ice-prevention system
can be designed which will provide reasonably adequate protection during
flight over arbitrarily selected routes.

This report illustrates a method for the design of ice-prevention
equipment in which the components are continuously protected by means of

his report was prepared originally as one of a series of lectures pre-
. sented at the Airplane Icing Information Couxse sponsored by the

University of Michigan, March 30 - April 3, 1953.
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internally circulated heated air. Use is made of’existing information
obtained through previous research. In addition, apparatus is described
and demonstrated which should aid materially in the thermodynamic design

P

of an air-heated system. The heat-transfer and air-flow data presented
in this peper are applicable only at subcritical speeds; however, in gen-
erel, the design procedure delineated herein should be usable at all speeds.

DESIGN PROCEDURE FCIRWTNGAND TAIL SURFAC13S

Requirements for Adequate Protection
in Icing Conditions

The basic requirement for wing thermal ice-prevention equipment is
that the wing must be maintained sufficiently free of ice accretions to
enable continued safe flight in icing conditions. Same indication of the
amount of ice, either in the fo?m of primary accretions or runback, a wing
can accumulate without deleterious effects is given by the tests reported
in reference 9. Although under certain conditions, some tolerance for ice
formations is shown, the recommended proaedure at the present time is to
design for cmqplete evaporation of all impinging water in the most severe —

conditions likely to be encountered in a region of continuous icing. A
.

wing designed on this basis will remain clear of ice under most situations
and will be capdble of operation in the most severe conditions likely to
be experienced, with only a relatively small amount of runback forming.

●

Furthermorej such conditions are encountered only rarely and for short
periods of time.

Establishment of Tentative Eeated-Wing Design

Before anslysis of a thermal system can be undertaken, a tentative
design must be established. Due to the other requtiements associated with
airplane design, there may be little latitude in the thermal-system design,
and the analysis may be resolved into a determination of the required rate
of heated-air flow for a set configuration. Several typical.designs of “
wing systems and their advantages will be discussed.

The most efficient and generally accepted designs utilize a dotile-
skin arrangement which directs the heated air across the inner surface of
the wing. Usuelly, the air is detivered to the double-skin gap through
a spanwise duct formed by the back of the inner skin and a baffle located
several inches behind the wing leading edge.” The air enters the gap near
the stagnation line and is directed aft through the double-skin passages.
A number of different inner-skin arrangements have been used, several of

%

which ere shown ir.figure 1.
—

Due to the roughness presented to the air in
back surfaces of the corrugated-typepassages, it

●

the spanwise duct by the
is often desirable to
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install a liner against the backs of the corrugations to snow a smoother
duct air flow (see fig. 1). In this case, a gap is left either at the
rear of the liner or at the leading edge to allow the air to enter the
corrugations. When the gap is located at the reer of the liner, the air
is forced to flow forward against the portion of the corrugation joined
to the outer skin, then aft inside the corrugation. This arrangement pro-
vides, in effect, a dotile-pass heat exchanger, which tends to concentrate
the heat in the leading-edge region. A disadvantage of this system is
that the flow of heated air is considerably more restricted than if the
gap were located at the leading edge, due to the added length and tortuous-
ness of the path. In some designs, it m~ be necessary, structurally, to
retain the wing nose ribs. In this case, a liner to direct the air through
the nose-rib openings, similar to the corrugation liner, undoubtedly will
be required.

In efficient heated-wing designs, the heating should be concentrated
as much as possible in the area of water-drop impingement to obtain evap-
oration of all intercepted water. Introducing the heated air into the
double-skin passages at the leading-edge line of the wing, therefore, is
the best srrangaent. The use of a liner to aid in concentrating the heat
in the leading-edge region, as noted previously, msy have some advantage
in this regard. In all cases of double-skin construction, there is a con-
duction of heat from the inner skin to the outer at the points of attach-
ment. Advsmtage is taken of this conduction in the corrugated-type inner
skin, where the area of attachment is lsrge, and is minimized in the case
of a dimpled skin, where the area of attachment is small.

The chordwise extent of the double-skin srea is determined by the
maximum distance of water-drop impingement. Ususlly, the required
percentage-chord coverage wilJ vary from the wing root to the tip.

Selection of Airplane Operating Conditions

The establishment of flight conditions for the design of a thermal
ice-prevention system must be made bearing in mind the intended use of the
airplane. An airplane intended to be flown at high sltitudes, say over
mountainous terrain, till have tiferent requirements from one with a rel-
atively low service ceiling. ~ general, since low-altitude flight is
required of all airplanes for approach and landing and high sltitude often
is crfticsl for an air-heated system, several operating conditions, such
as cltib, high-sltitude cruise, and letdown, should he chosen for analy-
sis to determine the critical condition.

In selecting an airspeed for design, consideration should be given
b to the effects of speed on the heating requirement. The rate of removsl

of heat from the outer surface is increased with increase in speed, so

●
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.

that high speed becomes a critical condition for an air-heated system.
Nevertheless, maximum cruising speed should not necessarily ’bechosen as
the design condition. Selection or the design speed should also be guided

M

by the fact that it is common practice for pilots to reduce airspeed when
flying through the turbulent conditions which frequently accompany airplane
icing.

Selection of Design Meteorological Conditions

Because of a lack of sufficient data, selection ofmeteorol@cal
conditions for design in the past has been somewhat arbitrary. A recent
probability analysis of icing conditions (ref. 10), however, provides data
from which a designer can choose a wide range of stiultaneous caibinations
of meteorological variables, each having the seineprobability of being
exceeded. Since three variables sre involved (liquid-water content, drop
size, and air temperature), a three-dimensional plot is obtained which
contains an equiprobability surface, such as that shown in figure 2. By
use of this equiprobability surface, the most critical canbinations of
meteorological.variables can be established for the thermal system.

As was mentioned previously, conditions representative of the maximum
.

to be encountered in a continuous-icing situation are considered reasonable
design criteria. The data presented in reference 10 for layer-type clouds
are representative of continuous icing.

.
In selecting design data $rom

reference 10, the designer must choose an exceedance prob~ility, that Is>
the number of icing encounters which the airplane might be expected to
e~erience in order to exceed the design condition once. Likewise, the
anticipated horizontal extent of the icing clouds must also be determined.
Suppose, for example, that the airplane is to be operated in the plateau
region of the United States (see fig. 3), the system is to be designed
for an exceedance probability of 1 in 100 icing encounters, and the hori-
zontal extent of the icing condition is chosen as ~ miles. The equiprob-
ability surface for this situation would appear as shown in figure 4, in
which the surface is represented as a two-dimensional plot with constant-
t~erature contours. The thermal system, then, must provide protection
for all co.vibinationsof liquid-water content, drop size, and air tempera-
ture presented in this figure.

As a means for rapid evaluation of the critical combinations of the
meteorological variables, it has been suggested that the exceedance proba-
bility for a given component be evaluated considering water-interception
rates alone, rather than snalyzing the thermal-systa performance for all
combinations of water content} drop size, and free-air teqerature (refs.10
and 11). Such an approximation is possible in the case of a heated wing $

because the heating requirement for evaporation o? all impinging water
depends largely on the amount of water collected. Therefore, by construct-
ing curves of constant weight rate of water-drop @pingement on the a
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equiprobahility chart, as illustrated in figure 4, the critical combina-
tions of liquid-water content, drop size, and air temperature are estab-
lished for the section of wing under consideration. These curves sre
determined from knowledge of the water-hap trajectories. Each curve of
constant rate of interception, then, defines, roughly, the performance of
a section of heated wing designed to evaporate all impinging water at a
given condition. The critic~ condition is denoted as the point at which
the date-of-interception curves and the equiprobability curve become tan-
gent. In the exaz@e presented in figure k, the critical.icing condition
for an air tqperature, say, of 20°F is 0.24 gram per cubic meter at
20-microns drqp diameter. At this point, the critical rate of water
hpingement is 4.3 pounds per hour per foot span. Since the probability
of encountering high values ~f water content and, hence, high rates of
impingement, is much greater at high air temperatures than at low &qpera-
tures, the curves for the higher air temperatures represent the more crit-
icsJ_icing conditions for wing systeqs.

Determination of Rate, Area, and Distribution
of Water-Drop 12npingement

* Sinbe the rate, area, and distribution of water-drm impingement on
the wing have an important influence on the heating requirement, these
factors must be evaluated to enable proper thermal-system design. The

.
study of trajectories of water drqps a~roaching various shapes in flight
has been the object of a nuniberof investigations (refs. 12 to 28). Most
of the procedures develqped for the calculation of trajectories are quite
laborious and require, in addition to lamwledge of the flow field ahead
of the airfoil, elaborate computing equipment, such as a differential
analyzer. As a result, the cylinder-mibstitutio nprocedure(ref. 6) has
been I=gely used in the past for the estimation of impingement on air-
foils. However, this substitution is inac-curatein many instances
(ref. 29),perticulszly for the case of”low-drag airfoils.

Two methods have been developed recently which enable a more accurate
determination of the water-drop-impingement characteristics without the
need for a differential analyzer or for laborious calculations. The first
of these (ref. 16) is by far the simpler procedure, requiring only a knowl-
edge of the airfoil velocity distribution to establish the important
impingement parameters. A possible limitation of the method is that it is
based on data obtained from fairly thick airfoih” (1~-pe~cent chord), and
there is sane question as to its applicability to thin airfoil sections.
However, in the absence of definite knowledge of the limitations, this pro-
cedure is suggested for ccqputing the water-drcp impingement on wing and
empennage surfaces, provided, of course, that more exact data are not
available for the particular case under consideration. The second of these
methods (refs. 1~ and 23) requires the co@ruction of some equipment but,

. once assenibled=the apparatus enables the rapid and accurate calculation
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of trajectories for any two-dimensional shape. This system appears very
attractive for the designer confronted with provision of icing protection
for a variety of configurations. .

Heat-Transfer Relationships —

External heat transfer and evaporation.- During flight in icing con-
ditions, a heated wing is cooled by convectiofi~by evaporation of the water
on the surface, and, in the region of water-drop interception, by the water
striking the wing. The rate at which heat must be supplied in order to
maintain the wing surface at a specified temperature is, therefore, a func-
tion of the rates of convection, evaporation, and water impingement. The
effect of radiant heat transfer is negligible.

The unit heat loss from a surface exposed to icing conditions and
heated above 32°J? is expressed by the following equation (all symbols
presented herein are defined in Appendix A):

q = ha(t8 - td) +

in which the expressions on
to convection, evaporation,

[

V02 ~ -td=to+—
2gJcp

ha(X - l)K(ts - td) +M@w(t6 ‘.~) (1)

the right-hand side represent the losses due
md water impingement, respectively, and where

() 1
~ 2(1 -rf) .“o. @2&

o (-)

V02
tw=to+—

2gJcw

The rate of evaporation, or mass lxransfer,from the heated surface
is given as

.

r
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Mev = o.622h&
(%+)

(2)
.

The above equations were taken from reference 30. A simple ~aphical
solution to equations (1) and (2) has been devised in reference 30, ena-
bling quick and accurate calculations to be performed in the analysis of
ice-prevention equipment. Equations similar to those shown above, but
with a somewhat different arrangement of variables, are given in refer-
ence 31, which likewise presents graphical solutions.

ln order to solve equations (1) and (2), knowledge of the magnitude
of the convective heat-tr=sfer coefficient ha is required. The most
accurate methods for evaluating this coefficient (ref. 32) depend on a
determination of the boundary-layer c~acteristics, a somewhat lengthy
procedure. A simplified method sufficiently accurate for design purposes
involves the substitution of equations for cylinders and flat plates to
approximate the heat-transfer coefficient over a wing (refs. 33 and 34).
These equations sre as follows:

Leading-edge region.

. ~ = 0.194Tf”“49&)0”5 [~ - (%71

Laminar boundsry layer (beyond leading edge)

()
0.5

ha = 0.0562~fo= ~

Turbulent boundary layer (beyond leading edge)

ha = 0.51 T~O-3 .=
SO.2

(3)

(4)

(5)

. In the above equations, T represents the specific weight of the air at
taperature Tf and the prevailing pressure. A graphical presentation
permitting rapid evaluation of equations (3), (k),and (5) is contained
in reference 30.



8 IWCA TN 3130

The most uncertain factor influencing the
coefficient is the location of transition from
in the boundary layer and the chordwise extent

convective heat-transfer
laminar to turbulent flow
of the transition region.

Disturbance of the boundary layer by the presence of water on the wing
surface undoubtedly causes premature transition. Experimental evidence
indicates that the start of transition under such conditions occurs near
the rear extremity of water-drop impingement (ref. 7). The assumption
of the start of transition at this point appears to be a good approximation.
At the present time, the extent of the transition region can only be esti-
mated. Based on limited information (refs. 5 and 7), it is suggested that
the transition region be assumed to extend chordwise along the surface for
a distance roughly equal to three-fourths of the distance from the stag-
nation point to the start of transition. Although the extent of the tran-
sition zone may possibly exceed this value, its use will be conservative.
h the transition zone, a linear variation of heat-transfer coefficient
with distance may be taken.

A second quantity required in the solution of equations (1) and (2)
is the wetness fraction K. In the area of impingement, measurements
indicate a value of 1. Aft of the impingement area the water runs back
in rivulets, and flight and tunnel data show a rapid decrease from 1 to
about 0.3,with a gradual decline in the value of K thereafter. The
measured vsriation in wetness fraction aft of the area of impingement is
shown in figure ~, which was taken from reference 35.

.

Internal heat transfer.- In the transfer of heat from the heated air
inside the wing, the outer skin receives heat directly from the air in the

.

double-skin passages and, indirectly by conduction from the inner skin
through the joints between the skins. The inner skin is heated by the air
in the passages and by the air behind the passages in the leading-edge
duct. In cases where a duct liner is installed, the inner skin is heated
by conduction through the common Joints, and the liner, in turn, receives
heat from the air in the duct. If the liner is made of an insulating
material, this conduction very likely will be negligible.

The transfer of heat from’the air in the double-skin passages of
heated-wing systems is unique in that the usual equations for heat trans-
fer from air flowing inside tubes do not apply. Due to severe entrance
conditions and curvature of the passages, the air flow apparently is
entirely turbulent, and the heat-transfer coefficient is highest at the
gap entrance, decreasing to a constant value downstream (refs. 36 and 37).
For typical heated-wing designs, the equations derived by Hardy and Morris
are considered the most representative. These are

hapL
—= 0.152

()
g“ 0“7

k P
(6)
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for the entrance region, and

h dh
%?

r)

O .8
—=

k
o.02~ + (7)

beyond the entrance region when steady pipe flow has been established.
The entrance length extends for 25 hydraulic diameters fl?omthe entry to
the passages and, in this region, equation (6) applies. Beyond this point,
the value of ham is constant and canbe ccmqnztedby use of equation (7).

Eqyations (6) an: (7) were determined empirically from tests of a corru-
gated double-skin arrangement (ref. 36). lt is suggested that, when a
duct liner is employed with the air-entrance gap located at the rear of
the liner (fig. l(b)), the entrance length for equation (6) be measured
from this point.

Measurements of the heat conduction through the joints of double-
skin assemblies are comparatively few. References 36 and 38 contain
results of measurements of the thermal resistances of typical double-skin
joints. Reference 38, in particular, gives thermal-resistance values for

. five different assembly procedures, encompassing riveting, cementing, and
spot welding. Results of more general investigations of the resistances
of joints are presented in references 39 and M. The measurements reported

. in references 36 and 38 are in good agreement, and the values given in
these two reports are considered the most representative presently avail-
able. When a leading-edge-duct liner is used, these data may also be
applied in the calculation of heat flow from the liner to the inner skirt.

An analysis of the data of reference 36, which presents limited
measurements of the transfer of heat from the air in the leading-edge
duct behind corrugated double-skin passages to the inner skin in the
absence of a liner, indicates that the following equation applies:

hWdh

()

~h 0.6
—=0.30 ~

k
(8)

wherein the term dh represents the hydraulic diameter of the leading-
edge duct.
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In the case of a smooth inner skin utilizing spacer strips (fig. l(a)) ‘
or, in the case of a duct liner, the value of h% may be determined from

the equation for turbulent pipe flow, as su—~ested in reference -5: e

~dh

()

Gdh 0“8
— = 0.02

k T
(9)

Heated-Air Pressure Losses

Pressure,loss in the double-skinpassages.- As in the case of heat
transfer in the double-skin passages, the usual methods for calculating
pressure losses are not applicable. The effects of curvature and entr~ce
condition apparently cause higher pressure losses than predicted. The
data considered the most representative for heated-wing systems showed no
difference in the pressure-drop measurements for isothermal or nonisother-
mal flow (ref. 37). In evaluating these data to obtain a generalized
relationship, the conventional equation involving entrance head loss and
friction loss was employed:

.

G%av () J?&
AP=-~ N+dh (10)

where N is the entrance coefficient and f is the friction factor.
Figure 6 presents vslues of friction factor as a function of Reynolds
number, as computed from the data of reference 37 using the suggested
value of 0.75 for N. Although these data were obtained with one spe-
cific type of double skin (corrugated), it is proposed that pressure
losses for other types of double skinbe cmputed from equation (10),
using N = 0.75 and values of f from figure 6.

It will be noted that the pressure loss in equation (10) and in sub-
sequent equations is given in terms of the hydraulic diameter rather than
the hydraulic radius, as used in reference 41; hence, the friction factors
presented in this report are four times those appearing in reference 41.

Pressure loss in the leading-edge duct.- The pressure &&p of the
air “flowin the leading-edge duct may be calculated from equation (22c),
page 128 of reference 41, or

.
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(ha)

where Av represents the change in specific volume of the ,airin the sec-
tion of duct under consideration. In most cases, Av is negligible and
equation (ha) reduces to

~ _ fLG2v~v.—
2gdh

For smooth ducts, such as would exist in desi~
or duct liner, the value of the friction factor

f
0.184

= (~dh/K)0“2

(1.lb)

using a smooth inner skin
f is givenby

(12)

.

which is a fo~m
. corrugated-type

the duct may be

of equation (9a),page 119, reference 410 When a
inner skin is used without a
approximated from

f=’*

which is representative of the data obtained
(fig. 51, p. 118, ref. kl).

Calculation of Required Rate of

liner, the value of f for

(13)

for flow in rough

Heated-Air Flow

pipes

The calculation of the heated-air-flow rate through the dotile-skin
passages necesssry to evaporate sll impinging water under the criticel
design condition requires the solution of a very coqplex heat balsnce.
The rate of evaporation and dissipation of heat from the outer surface
is a function of the surface temp~aturej which, in turn, is a function
of the heated-air-flow rate smd temperature. The temperature of the air
at any point in the double skin depends on the emount of heat previously
removed from the air. In addition, conduction of heat from the inner to
the outer skin snd chordtise along hhe skins complicates the picture’even

. further.
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One method used previously in thermal-system analyses (refs. 42 emd
43) utilizes the simplifications of assuming a constant surface temperature
throughout the heated mea and neglecting heat conduction. The heated-air- -
flow rate required to deliver the resulting quantity of heat is then com-
puted. This procedure has the disadvantage that errors of an unknown
magnitude are introduced, due to the fact that’the actual surface ~emper-
ature rarely is uniform and heat conduction in the double-skin system can
have an important influence on surface temperature. A more accurate method
for calculating the required air-flow rate is to divide the double skin
chordwise into several se~ents and analyze the system by use of a step-
by-step trial-and-errorprocedure (ref. 3). A heat balance is obtained
for each segment in sequence as the passage of the air through the double-
skin gap is analyzed. Such a procedure is extremely laborious, especially
in view of the fact that in a heated-wing analysis involving variable sur-
face temperature, the effective coefficient of external heat transfer
veries with the assumed surface temperature. In addition, both upper and
lower surfaces of the wing at several spanwise stations must be analyzed
to establish the required heated-air-flow distribution.

In order to facilitate the calculation of required flow rate, the use
of an electrical-analogue system to simulate the flow of heated air in the
wing can aid considerably. In utilizing the electrical.analogy, an elec-
tric model is assefiled to represent a portion of a wing heated internally “
with air. Such a model was constructed and used to illustrate the analysis
of a hypothetical air-heated wing. The model, which is shown in ffgure 7, .
consists of an arrangement of electrical resistances and capacitances con-
nected in such a manner as to simulate a thermal circuit. In the electri-
cal circuit, electrical resistance and capacitance represent thermal
resistance and capacitance, current flow represents heat flow, and voltage
difference represents temperature difference. The resistances of the ana-
logue network consist of’rheostats and fixed resistors, tiereas the capaci-
tances consist of condensers. A rotating commutator end slip-ring assenibly
is en@oyed to switch the condensers through the circuit to simulate the
travel of heated air through the double-skin passages. Each condenser
receives an electrical charge immediately before it is switched into the
circuit. This represents the initial heat energy cmtained in the air
before its entry into the double-skin gap. As the condenser is switched
thxough the circuit, pert of its charge is lost, representing the loss of
heat of that portion of the air and its corresponding decrease in temper-
ature. A microammeter is used to measure the current flow at various
locations. This provides a measure of the heat flows and temperatures.
A simplified circuit diagram illustrating a portion of the anslogue system
is presented in figure 8. The theory of the electrical analogy is dis-
cussed briefly in Appendix B.

The electrical-analogue arrangement permits rapid determination of
the required air-flow rates. It automatically takes into consideration
such complex effects as air-temperature drop and heat conduction within
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the dotile-skin system. A certain emount of trial-and-error procedure is
still required, but, nevertheless, the answer is quickly established.

TWO basic steps are required in this trial-and-error procedure. These
sre (1) to obtain the surface-temperature distribution for an assumed
heated-air-flow rate, and (2) to compute the total rate of evaporation of
water for this temperature distribution. If the total rate of’evaporation
does not equal the rate of impingement} the procedure must be repeated for
different air-flow rates until the calculated rate of evaporation is made
to equal the rate of impingement. When the required flow rates have been
determined for both upp&c and lower surfaces at several spanwise stations,
the pressure losses must be calculated for the double-skin passages and
the leading-edge duct to assure that a pressure balance has been attained.
Very often a pressure balance will not be achieved such that an ideal flow
distribution will result. In such cases, portions of the wing will either
be overheated or underheated. If these conditions ere intolerable, it
may be necessary to investigate a different double-skin sx’rsngement. In
any case, employing an electrical-analogue system till facilitate the
heated-wing analysis. An exsmple illustrating the application of the
electric model to such an anslysis is given in Appendix C.

Discussion of tie Use of an Electric Model
in Heated-Wing Desi’gn

The utilization of an electrical anslogue in the design of air-heated
wing systems for ice prevention has two important advantages over previous
methods of analysis. First, it enables the rapid determination of the
correct heated-air-flow rate for any chosen double-skin configuration.
Such an application of the analogue technique is demonstrated in Appen-
dix c!. Second, due to the versatility of the analogue, its use permits
easy variation of configurations and conditions to guide the designer in
improving the efficiency of the thermal’system. Two specific exemples of
this willbe cited.

In calculating the analogue resistances representative of the cor-
rugated double-skin mangement considered in the exauple of Appendix C,
it was noted that a fair degree of insulation, in effect, exists between
the inner and outer skins of a typic”d corrugated-passage design, even
though the skins have been riveted together. As a result, tests were
performed in which the thermal resistance of the joints was decreased to
zero, a situation which might be approached in practice by seam-welding
the skins together. It was found that, for the particular cases consid-
ered, the flow rate of heated air could be reduced from 10.O to 7.3 pounds
per hour per passage at the wing-root station} ~ from 1.o.8to 7.7 pounds
per hour per passage at the wing-tip station, all other conditions con-
stant● This represents decreases in the heat requirement of 27 and 29

* percent.
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Such a revision
double-skin system.

obviously increases
This is exenmlified

temperature distribution shown in-figure

.

the thermal efficiency of the
in the curves of chordwise surface-
9 for the two stations at the two +

joint conditions. It is seen that with the increased heat transfer result-
ing from the improved thermal bond between skins, a higher surface temper-
ature was obtained in the leading-edge region, even with lower air-flow
rates, allowing lower surface temperatures to exist in the after portion.
This provides a higher thermal efficiency since the heat is more concen-
trated in the area of impingement where the surface is entirely wetted
and, consequently, the e~aporation rates are highest.

Incidentally, the curves of figure 9 show how far from ~iform the
surface temperature of a heated wing is apt to be, and it is appsrent that
methods of analysis which assume a constant temperature may lead to error.

A second possible means of decreasing the heat requiraent was inves-
tigated using the electric model. It becames evident in the performance
of an anslysis of a wing thermal system that a considerable amount of heat
is wasted in the heated region aft of the area of @ingement, where the
water runs back in rivulets, and only a small portion of the heat delivered
is utilized for evaporation. This is illustrated in figure 10, which shows
the distribution of evaporation rate for the wing-root station analyzed
previously. Most of the water is evaporated in the region of impingement,
even though this area is only three-eighths of the total heated area. It
may be reasoned that if the wing surface were treated with a wetting agent
which would decrease the surface tension of the water sufficiently to snow
it to run back as a sheet, rather than in rivulets, the heat in this region
would be utilized much more effectively. A test was conducted, therefore~
to determine the magnitude of possible thermal saving under such a condi-
tion. For the particular case of the wing-root station, the required
heated-air-flow rate could be reduced from 10.0 to 6.6 pounds per hour per
corrugation, representing a reduction of 34 percent, if the water aft of
the impingement area were made to cover the surface co~letely. The dis-
tribution of evaporation rate would then appear as the dashed line in fig-
ure 10. Due to the increased evaporation rate now made possible in the
area aft of the bpingement limit, it is no longer necesssry to concentrate
the heat in the region of ~ingquent, and the surface temperature for the
entire heated area may be reduced as indicated in figure il..

It should be noted that the magnitude of the reductions in heat
requirement cited for these two exsnrplesapply specifically only to the
cases considered. This is particularly true in the latter example, where
the possible decrease in heat requirement is dependent upon the ratio of
area of impingement to total heated smea. It is probable, however, that
similar reductions could be obtained for other cases of wing ice-prevention
systems.

A somewhat discouraging fact that becomes evident when analyzing wing
ice-prevention equipment is that even for low values of liquid-water

.

.
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content, very high heated-air-flow rates will be required at high speedsj
unless improvements me made to currently employed systems. This, of
course, is the reason why considerable interest has been shown in wing
cyclic de-icing systems, wherein reductions in heating requirements can be
achieved. “However, by increasing the thermal efficiency through improve-
ments in both the internal heat-transfer processes and the external evapo-
rative ~rocesses, it appears that heating requirements can be reduced to
the point where continuous air-heated ice-prevention systems, with their
attendant aerodynamic advantages over cyclic systems, may be practicsl for
high-speed aircraft. In this regard, the use of sm electric model, as
suggested-before, can aid materially. Not only can it help the designer
to obtain the most efficient operation from existing configurations, but
it also can aid in guiding resesrch directed toward increasing thermal-
system efficiency.

A desirable feature of the electric model is that it is relatively
inexpensive to construct. On the basis of the experience gained through
construction of the experiment%ilmodel described herein, it is believed
that an anslogue of this type suitable for analysis of a “vsxietyof air-
heated components could be built for only a few thousand dollars. It
appears quite reasonable, therefore, to construct an electric model for
the specific purpose of designing an air-heated ice-prevention system.

.

DESIGN PROCEDURE FOR WINDSHIELDS.

In this section, the criteria and equations required in the design of
an air-heated windshield will be considered. The windshield system assumed
for discussion will be the conventional double-panel arrangement consisting
of two panels sepsrated by a small gap through which the heated air circu-
lates.

Requirements for Adequate Protection
in Icing Conditions

The basic requirement for a windshield ice-prevention system is that
the windshield be maintained sufficiently &lear to snow adequate visibil-
ity. To maintain a windshield free of ice accretions, it is necesssry
only to raise the temperature of the surface slightly above freezingy
rather than to evaporate all impinging water, as in the case of wing ice
prevention. The formation of runback ice accumulations from the windshield
srea is not considered sufficiently serious aerodynamically to warrant the
excessive heating loads which would result by attempting to evaporate all
intercepted water.
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.
Selection of Design Meteorological Conditions

.

The most severe icing conditions from the standpoint of windshield ice
prevention are those occurring at low air temperatures (ref. 8). Therefore,
a selection of design meteorological conditions should be guided by this
fact. An obviously @ortant consideration in this selection is that only
those conditions under which ice will form on the windshield should be
investigated, inasmuch as it has been shown that windshield ice will not
form when the water-drop size is small. In general, then, critical meteor-
ological conditions will consist of large drop sizes at low air tempera-
tures.

As in the selection of design meteorological-conditions for the wing
system, it is suggested that the data of reference 10 be used in the deter-
mination of the critical icing condition for the windshield. In this
regard, curves of constant rate of water interception superimposed on the
equiprobability charts of reference 10 should prove useful in selecting
the design condition.

Determination of Rate, Area, and Distribution
of Water-Drop Impingement

In the absence of exact lnmwledge of the water-drup impingement char-
acteristics for a particular windshield configuration, a substitution pro-
cedure can be en@oyed (ref. 8). This procedure involves the substitution
of generalized shapes, for which water-drop trajectories have been calcu-
lated, for the various windshield configurations. The shapes most appli-
cable in this regard are ribbons and spheres, for which trajectory data
are presented in reference 12. The particular ob~ect s~stituted depends
on the type of windshield to be protected. For flat-plate and V-type
windshields, the assumption is made that the rate of impingement on the
windshield psmel is equal to the rate of impingement on the proJected
area of the panel considered as one-half a ribbon (see fig. 12(a)).

In the case of a windshield flush with the fuselage contour, it is
assumed that the impingement would be the same as that on the windshield
area projected onto a sphere having a diameter equal to the maximum diam-
eter of the fuselage. This is illustrated in figure 12(b). The unit rate
of water interception, then, may be approximated from the formula develqped
in reference 8.

E#$
I&=().lwl.cos% (14)

.

.

s—

“



?

.

.

NACA TN 3130 17

where the terms & and 6W, the collection efficiency and angle of impinge-
>.- X.

ment for the sphere, respectively, are computed
ence 12.

Heat-Transfer and Air-Pressure-Loss

from the data of refer-

Relationships

External heat transfer.- The same heat-transfer processes discussed
previously for the case of a heated wing in icing con~tions apply to a
heated windshield. Thus, the heat flow is defined in equation (l), which
can be readily solved by use of the chsrt of reference 30.

For the case of a windshield panel, the convective heat-transfer coef-
ficient, as suggested in reference 8, msybe calculated from equation (5),
where S is measured from the leading edge of the panel for flat-plate
and V-type windshields, and from the fuselage nose in the case of flush
windshields.

The value of the wetness fraction K should be taken as 1 for wind-
shield calculations.

Internal heat transfer.- The internal heat-transfer process for ti_nd-
shields is greatly simplified over that for wings in that the outer panel
is heated ofi by-the air in the double-panel gap and receives no heat by
conduction, as in wing double-skin arrangements. The equation for deter-
mining the internal heat-transfer coefficient is the turbulent-pipe-flow
formula introduced earlier as equation (9). This equation has been found
to be applicable to the flow of air in rectangular ducts of large aspect
ratio (p. 198, ref. 41).

Heated-air pressure loss.- The pressure loss of the air passing
through the windshield.gap is @ven by the previously pr=-=ted =o.=tim

(ha) ● Values of the friction factor f may be computed from equa-
tion (12).

Calculation of Required Rate of Heated-Air Flow

In order to simplify the analysis, air-heated windshield systems in
the past generally have been analyzed on the basis of a assumed uniform
surface temperature. A more accurate solution yin result by considering
the vsriation of conditions for the entire surface, andby determining
the required heated-air-flow rate accordingly. In this connections the

. application of an electric model, such as that described for wing-system
design, to the analysis of air-heated windshields will greatly facilitate
the design .calculations. The same genersl procedure maybe followed; that.
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is, to divide
determine the
surface above

.

the double-panel system into a number of segments and to
air-flow rate required to maintain all points on the outer
freezing temperature.

.

Discussion of Limitations Influencing
Air-Heated Windshield Systems

Heated-air systems for windshield ice prevention may not prove prac-
tical for high-speed aircraft. Certain design considerations impose
limitations which very likely could make excessively high air-flow rates
required. For exang?le,the strength of most windshield materials is
reduced at temperatures above about 250°F, and for this reason the inlet
temperature of the circulating air will be limited. The probability of
large thermal stresses in the glass resulting from high air temperatures
is another reason for limiting the air temperature. By so limiting the
air temperature, small gap sizes or high air-flow rates will be necessary
to obtain the required heat transfer, and the attendant air-pressure drop
may be of mxh magnitude that a blower will be required. The use of thick
windshield panels in military aircraft further aggravates the situation.
Therefore,”unless other factors make air-heating of windshields more
attractive, the use of electrical heating mey prove to be more feasible
for windshield ice prevention of high-speed airplanes.

DESIGN PROCEDURX FOR RADOMES

Requirements for Adequate Protection
in Icing Conditions

Protection of radomes against icing reQuires that the surface be
maintained sufficiently clear to enable successful transmission of the
rad= signal. Whether or not complete evaporation of all impinging water
is necessary will depend on the undesirability of runback ice accretions
aft of the radome and on the tolerance of the radar system for water run-
ning on the radome surfac?e. Some measurements of the attenuation of the
radar signal as a result of water on the radome surface exe presented in
reference 44.

I%coposedHeating Arrangement

In the following discussion, the radome will be assumed to constitute
the forward portion of the airplane nose. Consideration will be given
only to the thermal-system aspect of radome design although, in an actual
case, attention must also be given to the effects of the thermal-system
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.
design on the transmission of electrical energy. The heating system pro-
posed for consideration will be a double-skin arrangement formed by the

. outer housing and an inner shell, which are separated by the circulating-
air gap, as illustrated in figure 13. k this figure, the heated air is
shown as entering the gap at the forward end of the radome and exhausting
at the rear. This could be accomplished most easily by introducing the
heated air into the radar antenna chamber, but such an arrangement my be
impracticable due to possible temperature limitations of the radar equip-
ment. If this is the case, reversal of the air-flow direction may be
necessary, although this scheme probably would provide a less efficient
ice-prevention system.

Determination of Rate and Area of
Water-Drop Iqingement

.

As in the case of windshields, probably the most expedient method
for determining the impingement characteristics on radomes is to utilize
a substitution procedure, in the event that more exact information is not
avatlable. The method proposed is to assume that the impingement on the
radome would be the same as that on a sphere with a radius equal to the
nose radius of the radome. The data of reference 12 can be used to com-
pute the rate and area of water interception cm the sphere. Experimental
results have shown the sphere-substitution procedure to provide a good
approximation (ref. 44). Calculated impingement data for various radome
shapes, which may be of aid in determining water-drop impingement char-
acteristics, are given in references 45 to 48.

Heat-Transfer and Air-Pressure-Loss Relationships

External heat transfer.- The external-heat transfer can be calculated
by use of equation (1). Values of the convective heat-transfer coeffi-
cient my be computed-by the method developed in reference 49 for stream-
line bodies. Experimental &ta on the convective transfer of heat from
an ellipsoid and from spheres, which should prove useful in establishing
values of heat-transfer coefficient, are presented in references ~ and
51, respectively. It is suggested that the position and exbent of transi-
tion from laminar to turbulent flow be taken as proposed previously for
wing-system analysis. The wetness fraction K may also be taken as dis-
cussed for wings.

Reference ~ gives a thorough treatment of the heating requirements
for icing protection of radomes, and should be helpful in the design of

- radome heating systems. An additional study of the external heat require-
ments for radomes is contained in reference ~.

.
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.

Internal heat transfer.- The heat-transfer relationship considered
representative of the internal-flow conditions is given in equation (9),
which was also suggested.for air-heated windshields.

+

Heated-air pressure loss.- The pressure loss of the air passing
through the double-skin gap may be computed from equation (ha), with – -
values of the friction factor obtained from equation (l&?).

Calculation of Required Rate

The procedure outlined for wings and
sections can also be utilized for radomes
flow rate for ice prevention. As before,

of Heated-Air Flow

windshields in the foregoing
to determine the required air-
an electric model can provide

a rapid solution to this problem. In applying the electric model, divi-
sion of the radome heating system for computing equivalent electrical
values must be made in such a umnner as to provide equal volumes of heated
air between two arbitrarily selected streamlines for all segments, as
indicated in figure 13. This is necessary to retatn the air-flow analogy.

COMMENTS ON THE DESIGN OF
OF THE TIIERMAL

OTHER COMPONENTS .

SYSTEM

.

The remainder of thts report will be devoted to a brief discussion
of the design of other components of the thermal system. Detailed design
data will not be presented inasmuch as this would entail am excessive
discourse to treat all situations fully, and such information is ade-
quately covered in available publications.

Basically, the procedure
the same as that for a wing.

Propellers

for designing w air-heated propeller is
The external-heat-transfer equations pre-

sented for a wing apply eq&lly to the propeller. Internafiy, the situa-
tion is somewhat different in that the heated-air-flow direction in
accepted designs is spanwise from the root to the tip of the propeller.
The external and internal heat-transfer processes, including analytical
and experimental studies to obtain improved internal heat transfer, are
treated extensively in references 53 to 78.

The thermal requirements for a propeller should be based on main- -
taining the heated area just above freezing temperature, rather than on

.

evaporating all intercepted water, as in the case of a wing. Evaporation
of all impinging water would impose exorbitant heating loads on the system, “
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.
ad propeller efficiency losses resulting from runback ice accretions
undoubtedly would be quite small (ref. 59).

.
In the analysis and design of an air-heated propeller, the applica-

tion of an electrical-anslogue system should prove extremely effective,
since the blade metal is”comparatively thick and, with the addition of
internal fins, the heat-conduction effects, which are easily represented
electricald_y,”become very important.

Air inlets and

Air Inlets

scoops which sre

ad SCOOPS

heated internally by air can be
designed in much the same manner as heated wings. One possible exception
to the procedure is’that it may not be required that all impinging water
be evaporated. This is a choice that should be determined on the basis
of any adverse effects which might result from runback ice formations.
Again, an electric model can be useful in the design.

Air Ducts

. they
This

The primary concern with
transport the air with a
requires good insulation

the heated-air distribution ducts is that
minimum of thermal and pressure losses.
and clean aerodynamic design. Several

papers(refs. 60 to 64) have been written on the aerodynamic design of
‘&&s. ‘The air flow in ducts with sharp bends near the entrance region
may become obstructed by the deposit of ice. Some information in this
regard may be found in reference 65:

With the advent of cabin pressurization, a new strength-requirement
problem has arisen in the design of air ducts. Collapsing of ducts
located in pressurized areas can readily occur if attention has not been
given to the reduction in strength of the duct material at elevated tem-
peratures, nor to possible column failure of the duct resulting from
insufficient end clearance for thermal expansion.

Heat Exchangers

The design of suitable heat exchangers of adequte capacity is a
specialized field in itself. Many tests have been performed and many
reports have been written on this sub~ect. A few of the more pertinent

. of these works will be cited. Reference 34 probably contains the most
complete information on the design of aircraft exhaust gas and air heat
exchangers available at the present time. A good bibliography pertaining

.
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to heat-exchanger design is also presented therein. An illustration of
the design of a heat exchanger which was actually installed in an airplane
thermal ice-prevention system is given in reference 66. The effect of
altitude on the output of an exhaust-gas-and-airheat exchanger is dis-
cussed in reference 5. The calculation of pressure losses in heat-
exchanger systems is covered in references 67 and 68, and this subject is
also considered in the analysis of reference 66.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics

Moffett Field, Calif., Jan. 20, 1954
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APPENDIX A

SZMBOLS

area perpendicular to direction of heat flow, ftz

cross-sectional area of air duct or passage, ft2

electrical capacitance, farads or microfarads

specific heat of air at constant pressure-,Btu/Ib, %

specific heat of water, lBtu/lb, %

up fthydraulic diameter of air duct or passage, —
perimeter’

electrical potential, volts

water-drop-collection efficiency, dimensionless

saturated water-vapor pressure at corresponding temperature, in. Hg

friction factor for air flow in duct or passage, dtiensionless

weight-rate of air flow per unit of cross-sectional,area,
lb/see, ft2

acceleration due to gravity, 32.2 ft/sec2

effective coefficient of

convective

electrical

mechanical.

heat-transfer

current flow,

equivalent of

total heat transfer, Btu/hr,-ft2, %

coefficient, Btu/hr, ft?, %

amperes or microsmperes

heat, 778 ft-lb/Btu

surface-wetness fraction, dimensionless

thermal conductivity, Btu/hr, ft=, %/ft

conduction coefficient of Joints, Btu/hr, ft=, %

length

latent

or distance, ft

heat of evaporation of water, Btu/lb
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rate of evaporation of water per unit of sUrface area, lb/hr, ft2

total rate of evaporation of water, lb/hr, ft span

total rate of interception of water, lb/hr, ft span

rate of interception of water per unit of surface area, lb/hr, ft2

liquid-water content of auibientair, grams/meters

entrance pressure-loss coefficient, dimensionless

number of commutator segments in electric model

air-pressure loss, lb/ft2

absolute static pressure,

rate of heat transfer per

in. Hg

unit of surface srea, Btu/hr, ft2

electrical resistance, ohms or megohms

leading-edge radius of airfoil, ft

temperature-recoveryfactor, dimensionless

surface distance frcnnstagnation point in stream direction, ft

absolute teuperatwre, %

arithmetic average
air temperature,

temperature, OF

of temperature of heated surface and free-stream
%

air velocity, ft/sec

specific volume of air, ft3/lb

weight, lb

weight-rate of air flow per passage, lb/hr

Hardyts evaporation factor, dimensionless

specific weight, lb/ft3

.

.-
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central angley maasured from
impingement on the surface

viscosity of air, lb/see, f’t

23

stagnation point to farthest point of
of a sphere, deg

central angle measured from stagnation point of airfoil-leading-
edge cylinder, deg

commutator rotational speed, rpm

Subscripts

Except where otherwise defined, the following subscripts apply:

external air

air in wing leading-edge duct

air in double-skin passage

average

heat-transfer datum

local

undisturbed free stream

surface

water
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APPENDIX B

THEORY OF ELECTRICAL ANALOGY FOR THE SIMULATION OF HEAT

.
—

.

FLOW, PRACTICAL DESIGN CONSID-IONS FOR AN

AND A COMPARISON OF CALCULATED AND MEASURED

USING AN ELECTRIC MODEL

Theory of Electrical Analo~

ANALOGUE,

RESULTS

General heat-flow analogy.- The flow of heat by conduction and con-
vection is analogous to the flow of electricity through an electrical
resistance. The rate of heat flow varies with the thermal resistance and
temperature gradient, whereas electrical c~ent flow varies with the elec-
trical resistance and voltage difference. In both cases the variations
are identical. Likewise, the variation of heat flow with time from a
thermal mass is identical to the current-flow variation with time from an
electrical capacitance. Therefore, by substitution of an electrical cir-
cuit for its corresponding thermal circuit, heat-flow studies can be male
by comparatively simple electrical measurements. Great flexibility is .

achieved through the ease with w%ich values of the.electrical counterparts
can be varied to investigate different thermal effects. The primary use
of the electrical analogy is in the study of transient heat-flow problems .

where thermal capacitance as well as thermal resistance is of importance.

In the electrical.anelo~, the following equivalent relationships
apply:

Thermal. Electrical

1 Btu 1 coulomb
1 Btu/sec 1 coul./sec = 1 ampere
1% 1 volt
1 % sec/Btu 1 volt sec/coul. = 1 ohm
1 Btu/% 1 coul./volt = 1 farad

In use, the values of electrical resistance and capacitance take the form

3600 LR== (l!ja)
.

.
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for conduction, or

27

R = 3@3
m

for convection, or convection plus evaporation, and

where

A

CP

(!

H

k

L

R

Vol

Y

c = (Vol) 7%

area perpendicular to direction of heat flow, ft=

specific heat, Btu/lb, OF

electrical capacitance, fsrads

effective heat-transfer coefficient, Btu/hr, ft2, %

therm& conductivity, Btu/hr, ft=, %/ft

distance in direction of heat flow, ft

electrical.resistance, ohms

volume, fts

specific weight, lb/ft3

(Ire)

Heated-air-flow analogy.- In the specific application of an electrical-
~alogue system to the flGw of heated air under steady-state conditions,
the t6rm C represents the heat capacity of the air and R, the vsrious
thermal resistances. For this application, the velocity of the air must
be considered in addition to resistance and capacitance, since the amount
of heat removed from the air in a given distance of travel is governed by
the time required for its passage over that distance. In this case,

V*

‘c zr-

The above relationship controls the
densers in the analogue system will

= constsnt (174

selection of values such that the con-
lose their charge proportional to the
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.

heat loss of the air as it progresses through the passage. Equation (17a)
is derived in the following manner. In a short length of air passage, the -
thermal energy loss of the air can be equated to the heat transferred to
the adjacent surface, or

w~At% = ms(ty - %)

where

may be

At% represents the

rearranged to give

temperature” drop of the air. This equation

~=t’p-ts
Atap

Both sides of this equation equal a dimensionless constant. Therefore,
substitution of equivalent electrical terms for the thermal terms may
be made without altering the constant. Considering the left side of the
equation, if the length of air passage is AL feet containing (Vol) cubic

(~ol)yv% “
feet, and the air velocity is V%, w can be expressed as 3600 ~ , .

and

Then, since h = H in the case of convection, substitution of equations
(in) and (16) into the above relationship yields equation (17a).

When an electric model is used employing a camutator arrangement,
such as that used for the tests described herein (see fig. 7), the com-

-.

mutator rotational speed may be substituted for the term ~ inequa-

tion (17a), or

RC%!= constant

where

(lm)
.

(18a) ..=2.&e
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In the above equation n represents the nuuiberof commutator segments snd
AL the distance of travel of”heated air during the passage of one segment
past a brush. The value of V% may be expressed as

WVav
~ap ‘=

and equation (18a) beccmes

(ml)

The value of C
present in a segment
the weight of air in

represents the thermal capacity of the volume of air
of air passage AZ feet long. If ~ represents
the segment, then

c!= fsicp farads

or

c =Awh X106 microfsrads

Since
.

then

AL4cp X106
c =— microfsrads

Va~
(19)

If equations (18b) and (19) sre cmibined,
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(20)

where C is in microfarads.

are applied to the calculation of values for
R exe computed using equations (15a) and
determined from equation (20). The values

When the above equations
an electric model, values of
(1~), and values of Cm are
of R, C, and u may then be adjusted for convenience, provided equa-
tion (17%) is satisfied. If the values of R or C are to be adjustedy
all values of R or C in the network must be changed proportionately.
For instance, if it is desired to increase a resistance value by a facfor
of 10, all resistances in the circuit must be increased by the same factor.

Conversion of measurements.- Temperature differences are directly
proportional to voltage differences in the analogue system, and heat flow
is ~ikewise directly ~roportional to current flow. S~ce temperature dif-
ference and heat flow are directly related by the equations

q = Eflt

and

or electrically,

then the value of temperature difference may be obtained indirectlyby
the measurement of heat flow. The converse also is true. In the elec-
trical analogy, then, a measure of temperature difference is obtained
from measurements of current flow through known resistances. To convert
the electrical measurements directly in terms of thermal units, a known
electrical value must be assigned a specific thermal value. For ex~le,
a potential difference of 25 volts may be considered to represent a tem-
perature difference of 100°F. Then an actual measurement of 10 volts is
equivalent to a k“ F temperature difference.

In the case of the application of the electric model, the voltage
of the battery which precharges each condenser prior to its entry into the
analogue circuit may be considered to represent the temperature rise above
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ambient of the heated air in the leading-edge duct at the entrance to the
double-skin passages. The surface-temperature rise, then, is obtained by
determining the voltage across the external-air resistance. The equation
expressing this relationship is

where the subscript s denotes the surface condition and ad pertains
to the initial heated-air condition at the passage entrance. Since cur-
rent, rather than voltage, measurements are umde with the electric model,
this equation becomes

(21)

where Ra is the external-air resistance. The value of R% is chosen

arbitrarily, and &d is the measured current flow through RU when the
battery voltage ~ is impressed across this resistance.

.

Practical Considerations Regarding the Design
.

A few of
an electrical
discussion of

and Use of’an Electrical Analogue

the more pertinent aspects concerning the design and use of
analogue are worthy of note at this point. A more detailed
the requirements associated with the design of electrical-

analogue systems is contained in reference 69. Further information is
also given in reference 70, which presents a corgprehensiveconsideration
of the design of snalogues for steady-state applications requiring only
electrical-resistance elements.

Requirements for condensers.- The leakage resistance of the conden-
sers used to simulate thermal cauacit~ in the electrical network should
be at least of the order of 100 ~imes-the effective resistance of the
circuit in which they are connected. Since analogue-circuit resistances
generally are several megohms, this means that the leakage resistance
must be very high, and for most applications electrolytic condensers will
be unsatisfactory. Most commercially available paper, mica, and oil-filled
condensers, on the other hand, have been found to possess suitable leakage-
resistance characteristics. Resistance values above 1000 megohms can be

. expected for condensers of these types with nominal capacitance ratings
up to 10 microfarads.



32 NACA TN 3130

The use of a conventional capacitance bridge for the measurement of
condenser capacities prior to their connection into the analogue circuit
has been found unsatisfactory in most cases. The conventional bridge
measures the capacitance in an alternating-current circuit, whereas the
condensers are used in a direct-current circuit. Most paper and oil-filled
condensers exhibit a characteristicwhen charged termed ~~dielectricabsorp-
tion.1? Instead of merely a surface charge forming on the condenser plates,
the dielectric a~arently becomes permeated with the charge also. There
is some resistance to the permeation process which increases the time for
charging and discharging of the condenser. The effective direct-current
capacitance, therefore, must be determined from charging or discharging
curves for each condenser when connected in an RC circuit.

—
The curves

should be checked against theory inasmuch as a large degree of dielectric
absorption can render a condenser useless for analogue applications.

Requirements for mounting panels.- The prhary electrical requirement
for the material of the panels used for mounting the electrical components
is that it must have very high lesk.ageresistance under all anticipated
conditions of humidity and temperature. Tests have shown that clear
methyl methacrylate resin is a very satisfactory material from this stand-
point.

Requirements for measuring equipment.- The representative temperature
difference and heat flow at any point in an analogue circuit may be deter-
mined from either & voltage measurement across a Gown resistan~e or a
measurement of current flow through the resistance. There are certain
requirements for each measuring tech.ique. When voltage is measured, the
resistance of the meter must be large relative to that of the analogue
circuit. Because the resistance of most meters is comparatively low, the
use of a cathode-follower circuit into which the meter is connected should
provide the necessary measuring resistance. -

When current is measured, the resistance of the meter must be small
relative to that of the analogue circuit. Generally, the circuit resist-
ances will be sufficiently high that standard tieterscan be used tithout
difficulty.

Comparison of Calculated Values With Results
From the Electric Model

In order to obtain a check on the accuracy of the electric model *for
the simulation of the flow of heated air in a wing, a problem was placed
on the model for which the solution had been previously computed. The
problem considered was the flow of heated air through a circular tube
8 inches long which was cooled externally. Surface temperatures along
the length of the tube, as obtained by the two methods, provided the basis
for est’sblishingthe accuracy of the analogue.

.

.

.

●
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.
The heated air was assumed to enter the tube at a temperature of

3000 F, and the coefficient of internal heat transfer was taken as
. 15 Btu/hr, ft2, ~. An air-flow rate of 10 pounds per hour was assumed.

The tube was considered to be 0.35-inch diameter with an infinitesimally
thin wall. Heat conduction lengthwise, therefore, was neglected. The
external coolant was considered to be at a temperature of 0° F, and the
external coefficient of heat transfer was taken as ~ Iltu/hr,ft=, ~.

the
The
the
for

In computing values of tube-surface temperature for comparison with
solution by the electric model, a“step-by-step procedure was erqployed.
tube was divided into l-inch-lengthwise increments, and a balance of
heat removed from the air to that delivered to the surface was obtained
each increment.

For the electrical analogy, the tube was divided into
ments also. Three sepsrate tests were made with different
resistance, capacitance, and commutator rotational speed.
follows:

l-inch incre-
values of
These were as

~estj ‘int~ ‘ext~ c,
megohms megohms mfd $m

1 2.3k 0.874 0.508 90
2 1.17 0.437 0.508 180
3 1.17 0.437 1.01 90

The three tests should give identical results, provided the above values
are maintained rigidly, since they satisfy equation (17b) and, hence,
represent identically snalogous conditions. Results of the three tests
sre presented in figure 14, which compares the tube-surface-temperature
distribution as measured using the electric model with the calculated
variation. The values for the three test arrangements agree with each
other and with the calculated curve within 1° F. From these data, it
may be concluded that the electric model provides sufficiently accurate
results for thermal-system-design applications.
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APPLICATION OF AN EIJ?LKCRICMODEL TO THE ANALYSIS

OF AN AIR-EEATED WING FOR ICE PREVENTION

Conditions and Assumptions

Wing-geometry and.internal conditions.- In order to illustrate the
application of the electrical-anelogue system to the analysis of an air-
heated wing, a typical double-skin arrangement consisting of corrugated-
type passages was chosen. The wing geometry was taken as follows:

The
the root

Root section . . . . NACA 641-3u ls-ft chord
Tip section . . . . NACA 64-408 6-ft chord
Angle of attack . . . . 0°

analysis was performed only for the upper surface of the wing at
ad tip stations. Cross sections of the wing leading-edge region

* —

at the two stations sre presented in figure 15. Details of the double-
skin corrugated passages also are shown in this figure. The required
chordwise extent of double-skin erea was taken as 16 inches for the root .

section and 9 inches for the tip. These correspond to 8.75- and 11.7-
percent chord, respectively, for the two stations. Normally, the required
chordtise extent of double skin would be calculated frmn knowledge of the

.

largest size of water drops expected, but for this exsmple the values
were chosen arbitrarily.

For purposes of analysis, the wing was divided chordwise into 8 seg-
ments at the root and 6 at the tip, as illustrated in figure 15. Condi-
tions were taken as being uniform throughout each segment. The analysis
was performed for a l-inch-wide spanwise strip enco~assing a single cor-
rugation at each wing station.

The heated air was assumed to enter the wing-root corrugation at a
temperature of 400° F and an absolute static pressure of 1073 lb/ft2.
Assuming full dynsmic pressure of the air stresm is available at the air
inlet to the thermal system, this represents apressure drop of 63 lb/ft2,
or about b percen’t. of the dynsmic pressure, up to the entrance of the
corrugation, for the airspeed and altitude conditions given below. At the
entrance to the wing-tip corrugation, the air temperature was taken as
380°F and the absolute static pressure as 1060 lb/ft2.

In order to sin@ify the exsqple, the transfer of heat from the air
in the leading-edge duct to the back of the corrugated skin was considered
negligible. This might be the case when a duct liner of insulating mate-

.

rial is used.
●
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Flight, meteorological, and water-drq -impingement conditions.- !Che
assumed airplane flight conditions are

True airspeed 350 wh
Pressure altitude 20,000 ft

lt was assumed that the airplane was to be operated over the plateau area
of the United States (fig. 3). Since high vslues of liquid-water content
sre critical for a wing thermal system, snd since high. wat~ contents
usually sre associated with high air temperature, a temperature of 20° F
was selected for the design condition. An exceedance probability of 1 in
103 icing encounters was taken as the design criterion, and the values of
water content presented in reference 10 for this condition were modified
for a ~-mile horizontal extent. The resulting relationship of liquid-
water content and drup size is shown in figure k.

In order to determine the critical meteorological condition for the
wing, curves of constant rate of water-drop impingement for the wing-root
section were plotted in figure ~. These were estimated from data presented
in reference Il. In the interest of expedience, estimated curves were used
rather than values coqputed from reference 16 inasmuch as these curves are
satisfactory for illustrative purposes. From figure 4, it is seen that
the critical condition for this section of the wing occurs at,O.24 gram
per cubic meter and 20 microns. For purposes of illustration, it was
assumed that this was slso the critical condition for the wing-tip sec-
tion, although it is unlikely that the same meteorological condition
actually would be critical for both sections. The calculated total rates
of water interception are 4.3 and 3.3 pounds per hour per foot span for
the root and tip sections, respectively. The resxmost point of impinge-
ment for these conditions was taken as 6 inches from the stagnation point2
for the root section and 4-1/2 inches for the tip section. The assumed
distributions of impingement for the upper surface at the two stations
are shown in figure 16. In constructing these curves, all the water
striking the wing was considerd to be divided equally between the upper
and lower surfaces. The information contained in reference 16 was used
as a guide in establishing the shape of the distribution curves.

Electrical circuit representing the air-heated wing.- The electrical
circuit representing the thermal circuit of the air-heated wing considered
in the application of the electric model is shown in figure 17. It will
be noted that there are two locations of possible current measurement for
each wing segment: one in the external-air-resistance circuit to provide
a measure of surface-temperature rise, and one in the internal-air-
resistance circuit to provide a measure of heated-air-taqperature rise.

%!he stagnation point andting leading edge in this case sre coincident.
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Calculation of Analogue Values

.

.

ln determining the required values of resistance for the anslogue
circuit, it was decided to multiply all calculated values by a factor of
80. The reason for this is that it was considered desirable to reduce
the computed values of CM by this factor to obtain reasonable values
of capacitance and commutator rotational speed. Since the resulting
resistances are quite large, it is desirable to convert them in terms of
megohms. Thus, from equations (15a) and (1~)

R 0.288 L=—
kli

or

R _ 0.288

HA

megohms (22a)

megohms (22b)

For evaluation of capacitance and rotational speed, the specific
heat of the heated air was assumed constant at a value of 0.243 Btu/lb,
%, corresponding to a temperature of 300 F. The number of commutator
segments on the electric model is 12. If these values are s~stituted in
equation (20) and a factor of 1/80 is included
the product C6J becomes

Cu = 4.22w

to satisfy equation (17%),

The value of C was chosen as 0.508 mfd, because of the availability of
condensers of this capacity.s As a result,
speed is given by

(LI= 8.31 W

In establishing the required external-

the cmmnutator rotational

(23)

and internal-air resistances

“

.

charts depicting these resistance values were found useful. These, -
together with other charts and calculation procedures, are discussed below.
Zn order to clarify the derivation of these charts, specific examples will -

‘Since there are 12 caummtator segments, 12 condensers were required.
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be shown. In these exaqples, se~ent 8 of the wing-root station wiH be
chosen for illustration.

External-air-resistance chat. - The resistance to externel heat flow
from the wing surface is a function primerily of the convective heat-
transfer coefficient aud the rate of evaporation of water. Because the
rate of evaporation is a function of surface temperature the effective
coefficient of heat transfer vsries with surface temperature, and the
enal.ogueresistance representing this effective coefficient must vary
likewise. To determine this variation, curves of unit heat flow as a
function of surface temperature were constructed for each chordwise wing
se~ent using equation (1) smd taking average values for conditions pre-
vailing over the segment. Solutions to equation (1) were obtained with
the aid of the chart included in reference 30. Values of the convective
heat-transfer coefficient ha in equation (1) were determinedly use of
equations (3), (4), and (5). The curve of ha c~c~ted f~ the wfig-

root station is presented in figure 18. Transition was assumed to start
at the end of the exea of @ingement, with a ~adual transitional.reaion
following. The value for the
taken as 1 in the impingement
given in figure 5 were used.

A curve of the heat-flow
figure 19 and was constructed
conditions apply:

From
rate

were

%=
ha .
to =

Vo =
pz =

Po =
K=

the above.values and the
q was computed for the

The effective
obtained from

w~tness-fraction- K in equation (1) WU-
area. Aft of this area, the values of K

variation for wing se~nt 8 is shown in
m follows. For this segment, the following

O lb/hr, ft2
36 Btu/hr, ft2, %
20° F
514 ft/sec
12.75 in. Hg
13.75 in. Hg
0.15

chsrt of reference 30, the heat-transfer
expected range of surface temperatures.

heat-transfer
the heat-flow

.
in which td represents
by substitution of these

b

H

coefficients at several temperatures
curves by use of the relation

% - td

the surface temperature when q is zero. Then,
values in equation (22b), curves of Ra vs. ts



38 NAcA M 3130

for each segment were obtained. The curve of resistance as a function
of surface temperature for segment 8 is given in figure 20.

htern~-dr-resistance chart.- The resistance to heat flow from the
internal heated air to the walls of the air passages is a function of the
weight flow of air and the distance from the passage entrance. Values of
the coefficient ~ were conqyrtedforeachse gmentfo rarangeof ati-

flow rates from equations (6) and (7),and the electrical resistance as
a function of flow rate was obtained for each segment by use of equa-
tion (22b) where H = ~. These datawere computed fcwboth the outer-

skin surface and the iuer-skin surface.

For the case of segment 8, equation (7) was applied, inasmuch as this
segment is beyond the entrance region of 25 hydraulic dismeters. Figure 22
presents the internal-air-resistance curves for segment 8. ~ the calcula-
tion of these curves, the values of k and V (conductivity and ViSCOSity)

for air were taken as constazrtand were evaluated at a temperature of
300° F.

Calculation of other resistance values.- The electrical resistances
representing the thermal resistances in the aluminum skins, both inner
and outer, were conputed by use of equation (22a), where L represents
the effective distance along the skin in the direction of heat flow. The
value of k in equation (22a) was taken as 67.7Btu/hr, ft2, %/ft, rep-
resentative of 24 ST aluminum alloy.

To establish the resistance between the inner and outer skins at the
Joints, equation (Z%2b)was used, in which kj, the conduction coefficient,
was stistituted for H. The value of kj was taken as 55 Btu/hr, ft2, %,
as suggested in reference 36.

Rate-of-evaporation chsrt.- The determination of the rate of evapo-
ration from the wing surface was facilitated by the use of curves of Mev
as a function of ts, which were constructed for each segment with the
aid of equation (2] and reference 30. The values of ha and K were the
same as used in the calculations for the external-air-resistancechart.
A plot of the rate of evaporation as a function of surface temperature
for segment 8 is illustrated in figure 22.

The total rate of evaporation from the entire heated srea is given
as the summation of the individual rates for each segment, or

—

%vT = %VIAL + Mev#L + .=● + MevnAL



NACA TN 3130 39

Thus,

MevT = AL(&v= +

The term AL represents the length
and the subscript numbers ‘designate

B&= + ... + Mevn) (24)

of surface distance for each segment,
the appropriate segments.

Heated-air pressure-loss chart.- Curves of the parameter AP/Vav as
a function of air-flow rate for the wing-root and -tip upper-surface cor-
rugations were computed frcm equation (10), and are shown in figure 23.
The term AP represents the total pressure drop in inches of water for
each entire corrugation.

Procedure for Determining Required
Heated-Air-Flow Rate

The procedure for determining the required heated-air-flow rate utili-
zing the electric model will now be considered. To satisfy the basic
requirement for adequate ice protection, as previously set forth hereiny

. it is necessary to evaporate all impinging water under the design condi-
tion. This is accomplishedby a trial-and-error procedure involving two
basic steps, as mentioned previously. These sre (1) to obtain the

. surface-temperature distribution for an assumed air-flow rate, and (2) to
compute the total rate of evaporation for this temperature distribution.
This procedure wiU be demonstrated for the wing-root station.

Initial estimates.- In order to set the appropriate values of
external-air resistance on the model, it is first necessary to estimate
the values of surface temperature, in view of the fact that the value of
resistance is dependent upon temperature. An initial estimate of the
approximate magnitude of temperature in the leading-edge region can be
obtained by calculating the surface temperature required to maintain a
*y surface. In this case,

%P2%P
es

‘el+m

where es represents the water-vapor pressure at temperature ts. The
contribution of e~ is small and; for estimation purposes, can be neg-
lected. This leads to.

.
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(25b)

For segment 1 of the root section,

Mw = 8.25
Pz = 14.8

%= 0.245Btu/lb, %
& = 20 Btu/hr, ft2, %

the following average values apply:

lb/hr, ft2
in. Hg _

The resulting value of es is found to be 2.4-Oin. Hg, and the correspond-
ing value of ts is 107° F. It is not necessary, huwever, to maintain a
dry surface (i.e., evaporate all intercepted water in the area of impinge-
ment) because some evaporation will be obtained in the heated region aft
of the impingement area. Therefore, the surface temperature of segment 1
can be somewhat less than 107° F. As sn initial estimate, a value of
85° F was chosen. The surface temperatures for the remainder of the seg-
ments were then estimate’dzbearing in mind the ma~itude of the external-- ._ ._
air resistances and the probable decrease in tenpsrature of the heated
air as it proceeds through the corrugation. -A rough check of the appro-
priateness of these values of surface temperature was obtainedby computa- .
tion of the total rate of evaporation with the help of the evaporation
charts and equation (24). The initial estimate of the surface tempera-
tures, together with the corresponding resistances Wd evaporation rates .
are tabulated below.

Segment
number

Ra,
megs

0.12
.18
.22
● 37
.28
.29
● 35
.43

Mm
lbhr, ft2

3*9
2.9
2.7
1.3
1.0
.6
4
:3

The sum of the I&v values is 13.1 and, since AL equals 2 inches) or
0.167 foot, the total rate of evaporation, from equation (24), equals
2.18 lb/hr, ft. Since the required rate of evaporation
rate of impingement, or 1/2 x 4.3 = 2.15 lb/~~ ft~ the
surface temperatures appear to be of the right order of
the corresponding external-air resistances were used in

must equal the
above estimated
magnitude, and
the initial test. ‘

.
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.

.

.

.

.

.

The required heated-air-flow rate must be determined by a trial-and-
error procedure in which a value of w is assumed, the resulting surface-
temperature distribution is obtained by use of the electric model, and the
corresponding evaporation rate is computed. The procedure is repeated,
if necesssry, until the rate of evaporation is made to equal the rate of
impingement.

Calculated values.- The value of heated-air-flow rate taken for the
initial test was 10 lb/hr per corrugation. The electric model was adjusted
for the corresponding internal-air-resistance values. From equation (23),
the commutator rotational speed representative of the flow rate is found
to be 83 rpm. The initial test performed using these values produced the
surface temperatures listed in the following table:

Measured, Second Measured,
First estimateSegment first test estimate second test

number tss
“ 0:2:, i?e~,

Ats, t~, t6, Ra> Ats> tsy Mev7

w megs megS megs % % % Wgs Q@’ ‘F lb.hr, ft’

1 85 0.12 0.69 0.58 60 80 82 0.125 61.5 81.5 3.5
2 .18

●97 .82 6~.5 81.5 85 .20 64.5 a4.5 2.45
3 % .22 1.14 .95 61 81 87 .25 66 86
4

2.05
.37 1.17 1.00 78 98 95

● 35 74 94 1.45
g .28 1.17 1.00 58 78 75 .27 55 ;75 1.15

z .29 1.17 1.00 54.5 74.5 69 .26 49.5 ;5.5 ●95
7 .35 1.17 1.00 54 74 68 .29 48 1:5
8 ;2 .43 1.17 1.00 52.5 72.5 66 .39 46 66

It is seen that the measured temperatures differ from$he initially esti-
mated temperatures. Because of this, the values of resistance used in the
test are not appropriate for the measured temperatures. The correct tem-
peratures, therefore, lie between the estimated and measured values, sad
it was necessary to make a second estimate of swface temperature and,
by use of the corresponding resistance values, to perform a second series
of measurements. These latter estimates and measurements sre given in the
above table. Good agreement now exists between the measured snd estimated
temperatures, signifying that the correct values of resistance were
employed and, hence, the measured temperatures sre correct.

For these measurements, the value of “I& in equation (21) was
chosen as 0.7 megohm, and the measured value of 1% was 28.7 micro-

azupereswhen the battery voltage was iqpressed across R . During the
first test, the measured value of %I for segment 1 was 2 .5 microemperes
and, as noted in the table, Ra was 0.12 megohm. Then} since tad was
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.

assumed to he bO” F’,At% equals 380° l?>and Atg from equation (21) is

600 F; thus, ts equals 80° F. The remainder of the surface-temperature
values were computed from the measurements in the same manner.

●

The rates of evaporation for each segment were obtained from the
rate-of-evaporation charts for the corresponding surface temperatures and
are presented in the above table. Substitution of these values in equa-
tion (24) yields MevT = 2.15 lb/hr, ft, which also is the value of the

rate of water impingement. Thus, the required heated-air-flow rate for
the upper corrugation at the wing-root station is 10.0 lb/hr at an inlet
temperature of hOO F.

The measured air teqerature at the corrugation outlet was 185° F.
By use of this value, together with the assumed inlet air temperature and

—

average pressure, the average specific volume of the air in the corruga-
tion was computed as 39.1 ft3/lb. The air-pressure loss through the cor-
rugation was determined from the pressure-loss chart for this value of

‘av and was found to be 19.0 inches of water.

By the same procedure, the required air-flow rate for the tip section
was established as 10.8 lt/ti per corrugation at an inlet temperat~e of __ ___
380° F. The resulting pressure drop was calculated to be 13.2 inches of .

water, which means that the pressure loss in the leading-edge duct from
the wing root to the tip could be about 6 inches of water.

.
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Figure 1.- Typical arrangements of double skin and leading-edge duct used
in air-heated wing systems for ice prevention.
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Figure 2.- Equiprobability surface defining meteorological conditions
having the ssme probability of being exceeded in any single icing
encounter.
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Figure 3.-Map of the United States showing boundaries of areas used
in the geographical classification of icing data presented in
reference 10.
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Figure 5.- Variation of wing-surface-wetness fraction aft of sxea
water impingement with distance from limit of impingement.
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Figure 6 .- Friction factor as a function of Reynolds number for
determining air-pressure losses in double-skin passages using
equation (10).
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Figure 9.- Comparison of wing-surface-temperaturedistribution for two
conditions of conduction between inner and outer skins.
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Figure 10.- Compsrison of distribution of evaporation rate over winq sur-
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Figure El.- Comparison of wing-surface-temperature distribution for two
conditions of surface wetness aft of @ingement region.
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gure 12.- Illustration of substitution procedure for calculating ra
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Figure 14.- Comparison of tube-surface-temperature distribution as cal-
culated, and as measured using an electric model to shmil.ateheated-
air flow.
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Figure 15.- Cross sections of forward region of wing upper surface chosen
for analysis, showing chordwise divisions for use with electric model, A
and other details.
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Figure 16. - Assmed distribution of rate of water impingement on wing
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Figure 20.- External-air resistance as a function of surface temperature
n for se~ent 8 of wing surface at root station.
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